This paper presents a reduction technique that transforms large passive networks into minimal admittance networks between the terminals. In this model, the moments of each admittance are preserved exactly, up to any desired order.
INTRODUCTION
In most layout-to-circuit extractors lumped models of the interconnections are produced. This can be done by subdividing the interconnections into small elements and replacing each element by a lumped RC section (e.g. [l] ). However, if the lines are long, or the frequency is very high, this will not suffice, and also inductive effects will have to be taken into account. In that case, each section has to be replaced by an RLC section. Due to capacitive and inductive coupling all sections become interconnected.
Using a Finite Element or a Boundary Element Method, the Laplace equation is solved, which yields values for the resistors, capacitors and (coupled) inductors at each section. The number of sections extracted must be very large in order to guarantee that the distributed properties of the interconnection are accurately reflected by the resulting network. However, this requires a large amount of memory, making an efficient timing analysis and verification of the circuit afterwards virtually impossible. To deal with this problem, a node reduction technique is needed to obtain a final network that has a much lower complexity but that displays approximately the same transmission behavior.
In this paper we present such a reduction technique that yields a compact circuit of admittances between each terminal pair. Each of these admittances is given as a set of moments that are exact up to any given order M . For this reason the method will be referred to as Moments Preserving Reduction (MPR). As the Elmore delay can be considered to be the dominant time constant, or first-order moment-matching approximation, MPR always preserves the value of the Elmore delay. The method is capable of dealing with any passive network, including coupled inductors and grounded resistors.
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The admittances calculated can be used by momentmatching techniques (e.g. Padd). The moments also may be used in order to obtain time-domain macromodels that can be incorporated directly into a conventional circuit simulator [2] .
At first sight the method proposed looks very similar to the Asymptotic Waveform Evaluation (AWE) [3] method. Both yield low-order moments and both use momentmatching techniques. The main difference between the two lies in the actual extraction of the moments. In AWE, a few successive DC analyses of the complete initial network are required. As stated before, in VLSI the extracted initial network can be very large, putting a high strain on efficiency and on computer memory. In MPR the large original network never is present in the computer memory as a whole at any time. Each non-terminal node is eliminated as soon as possible after it has been encountered. This makes MPR extremely well suited for implementation in efficient layout-to-circuit extractors.
The MPR method already has been described in more detail before [4] . There the application on RC interconnection models was discussed. In the next section MPR will be summarized, and it will be shown that with a minor adjustment (adding negative-first-order moments) also uncoupled inductors may be taken into account. In the third section the inclusion of inductive coupling will be dealt with.
NETWORK REDUCTION
The Moments Preserving Reduction (MPR) algorithm subsequently eliminates all non-terminal nodes of a network.
At each elimination step the first M moments are preserved.
The elimination is based on Gaussian elimination. An important consequence of this is that the first M moments of each admittance are preserved exactly at each node. For the same reason also the first M moments of each transfer function of the total system are preserved exactly.
The following definitions and assumptions are used:
The initial network is linear and has nodes 1 ... N .
Each node is coupled to at least one other node. The relation between the node currents and voltages is given by the admittance matrix Y ( s ) .
Each element &(s) of Y ( s )
can be given in terms of a Maclaurin series expansion (i.e. a Taylor expansion about zero): = 0. From the above it can be deduced that the time complexity is quadratic in the number of moments. The above describes one Gaussian elimination step that should be repeated successively for each non-terminal node. The final result will be a full graph between the terminal nodes. Each branch will be an admittance, described by its truncated series expansion.
COUPLED INDUCTORS
Each coupling coefficient k,, has a real value between zero and unity. Due to the reciprocity of the coupling k,, = k*,. . This results in a full network of coupled nodes. However, in practice only the coupling between inductors that are close to each other will be relevant. It will not suffice simply to put all distant couplings equal to zero: the inversion of a sparse matrix in general is not sparse.
Furthermore the inverted matrix may not be positive definite anymore. For the case that the relevant part of L has a staircase band structure, the problem can be solved by calculating the maximum entropy extension of matrix C. A fast algorithm to do this has been described by Nelis [5], and will be referred to as the Generalized Schur algorithm. The Generalized Schur algorithm yields an optimal approximation of the inverse of L that has non-zero entries on the specified staircase band, and has zero entries outside this band. Furthermore, the resulting inverse is guaranteed to be positive definite. However, most practical problems are essentially 2D or 3D. In that case the relevant couplings will not be situated on a simple staircase band, but a multiple band structure will appear. In the same article Nelis also presents a solution to this problem, the so-called Hierarchical Schur algorithm. This method already has been used successfully in 3D capacitance extraction As a result of all this, in stead of a full inductive network between the nodes, we now have a sparse network, containing only the relevant couplings. These coupling inductors can be considered to be negative first-order moments of the admittance, and can subsequently be eliminated using the theory presented in the previous section.
EXAMPLE
As an example we consider two coupled identical interconnection lines. There is both capacitive and inductive coupling. Both lines are represented by a lumped model having N , sections each (see Figure 1) . Of each line, the total resistance is 200 0, the total ground capacitance is 15 fF, and the total inductance 50 pH. The total coupling capacitance between the lines is 3 fF.
Each inductor is coupled to every other inductor. The value of the coupling coefficient k,, falls off linearly with the distance between L , and L,. of the elimination procedure is the same again. This is in agreement with the results in Figure 3 . In Figure 2 the time complexity as a function of the number of sections, for constant b = 5 has been plotted (dashed line). Although the predicted linear behavior is not exactly met, a substantial reduction in CPU time has been obtained. In Table 1 the Pad6 approximations of the dominating system poles are given, using the four lower-order moments. To get a good match for the crosstalk poles is more difficult, because this transfer does not have a low-pass behavior. The extra moments needed can be extracted easily using MPR, but relating these moments to system poles is more difficult due to the inherent sensitivity and instability of Pad6 approximations [8] .
CONCLUSIONS
In this paper we have described an efficient method to extract higher-order moments of interconnection networks, the Moments Preserving Reduction (MPR) method. With MPR large RLC interconnect configurations can be reduced into compact multi-port representations. If many coupled inductances &re present, the combination of MPR and a Schur inverse approximation algorithm gives a considerable reduction in CPU time and memory consumption, as has been shown and discussed in this paper. The results of the higher-order moments extraction in combination with Moment Matching Techniques (e.g. PadC), can also be used to calculate the transfer functions, similar to the method of Asymptotic Waveform Evaluation. From the moments extracted, it is also possible to derive time-domain macromodels that can be incorporated directly into a conventional circuit simulator [2] .
The main advantage of MPR over AWE and over more sophisticated methods s.a. PVL [9] , is that all internal nodes are eliminated on the fly, thus reducing the memory requirements considerably. Because interconnects in general have a low-pass behavior, only a few extra moments will be needed, and detailed high-order moments analysis is not necessary. However, if adequate crosstalk analysis is needed, then higher-order moments extraction is required.
Our final objective is implementing the method in combination with 3D inductance extraction in the existing layoutto-circuit extractor SPACE [6, 7, lo] .
